UV induces CIRP expression and subsequent Stat3 activation, but the biological function and mechanism of CIRP and Stat3 in mediating UVB-induced skin carcinogenesis have not been fully elucidated. In this study, we demonstrate that CIRP is elevated in all tested melanoma and non-melanoma skin cancer cell lines; and the expression of CIRP is upregulated in keratinocytes after being irradiated with relatively low dose (<5 mJ/cm 2 ), but not high dose (50 mJ/cm 2 ), UVB acutely and chronically. The increased expression of CIRP, either induced by UVB or through overexpression, leads to resistance of keratinocytes to UVB-induced growth arrest and death; and reduced expression of CIRP by RNA knockdown sensitizes keratinocyte cells to the low dose UVB radiation. We also demonstrated that CIRP expression is required for the low dose UVB-induced Tyr705-phosphorylation, but not total amount, of Stat3. The p-Stat3 level is correlated with the expression levels of cyclin D1 and VEGF, two known downstream cell growth regulators of Stat3, as well as Bag-1/S, an apoptosis regulator. Inhibition of Stat3 DNA-binding activity by S3I-201 leads to a reduction of the p-Stat3 and Bag-1/S along with growth and survival of keratinocytes post-UVB; and the effect of S3I-201 on the UVB-irradiated cells can be partially inhibited by overexpression of CIRP or Bag-1/S. Furthermore, the overexpression of Bag-1/S can totally inhibit UVBinduced PARP cleavage and caspase 3 activation. The results presented above led us to propose that CIRP-p(705)Stat3 cascade promotes cell proliferation and survival post-UVB via upregulating the expression of cyclin D1 and Bag-1/S, respectively. Published 2017. This article is a U.S. Government work and is in the public domain in the USA.
INTRODUCTION
Cold inducible RNA-binding protein (CIRP) was first discovered as responding to ultraviolet light (UV)-induced DNA damage in hamster cells [1] . CIRP belongs to a family of cold shock proteins (CSPs) that responds to cold stress and functions as an RNA chaperone, which relocates from the nucleus to the cytoplasm to facilitate translation in normal cellular responses to stresses [2] [3] [4] . CIRP has been shown to protect cells from TNFa and genotoxic stress-induced cell growth arrest and apoptosis [5, 6] . CIRP was also reported to be associated with inflammation and multiple kinds of tumorigenesis [7, 8] . However, the regulatory function(s) of CIRP in UVB-irradiated keratinocytes is not well known. Recently, a report demonstrated that CIRP expression in liver was positively correlated with the activation of signal transducer and activator of transcription 3 (Stat3) [8] , which mediates various cellular processes including cell cycle, apoptosis, and tumor angiogenesis [9, 10] . The activation of Stat3 has been suggested to play critical roles in the development of skin cancer after UV exposure [11, 12] . UVB induces Tyr705-phosphorylation, and thus, activation of Stat3 [13] ; and constitutive activation of Stat3 is associated with a number of human tumors and cancer cell lines [14] [15] [16] . In this study, we determined the functional impact of UVB-induced CIRP expression on cell growth and survival of keratinocytes, and elucidated a novel mechanism of CIRP-regulated apoptosis.
EXPERIMENTAL PROCEDURES Plasmids
Human CIRP cDNA was firstly cloned into the multiple cloning sites of pBluescript SK (þ) between Hind III and Sal I restriction sites to construct plasmid pBS-CIRP. Plasmid pLenti-CMV-CIRP was generated by cloning the CIRP cDNA digested from plasmid pBS-CIRP into pLenti-CMV-GFP-Puro (plasmid #17448, Addgene) between BamH I and Sal I restriction sites. Plasmid pLenti-CMV-Bag-1/S was generated by inserting human Bag-1/S cDNA with BamH I and XhoI restriction digestion ends into pLenti-CMV-GFP-Puro between BamH I and Sal I restriction sites. Human CIRP and Bag-1/S cDNA was amplified by PCR using cDNA prepared from HaCaT cells. The oligonucleotide primers used in the PCR reaction for cloning of the indicated genes are listed in Table 1 .
In order to stably silence CIRP expression, shRNA targeting CIRP mRNA at two different positions were devised and cloned into plasmid pLKO.1-TRC cloning vector (Addgene) between Age I and EcoRI restriction sites to form plasmid pLKO.1-CIRP-shRNA #1 and #2, respectively. A scrambled shRNA has also been designed as control (plasmid pLKO.1-scrambledshRNA). The oligonucleotide primers sets used to generate CIRP shRNAs and scrambled shRNA control were listed in Table 2 .
Cell Culture
Human keratinocyte HaCaT (a kind gift from Dr. Nihal Ahmad, University of Wisconsin-Madison), HEK-293T, A431, A375, and M624 cells were grown in Dulbecco's minimal essential medium (Cellgro, Herndon, VA) containing 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA), 100 U/ml penicillin, and 100 mg/ml streptomycin (Cellgro) at 378C with 5% CO 2 . For cells stably expressing CIRP, Bag-1/S, CIRP shRNA, or scrambled shRNA, the medium was supplemented with 1.0 mg/ml puromycin (Sigma-Aldrich, St. Louis, MO).
UVB Irradiation and Drug Treatments
UVB was generated as described in our previous report [17] . The dose rate for 3, 5, 7, or 10 mJ/cm 2 of UVB radiation was 0.6, 1.0, 1.4, or 2.0 mW/s, respectively. Medium was removed before UVB irradiation. Immediately after UVB exposure, fresh medium was added to cells for culture until harvest. S3I-201 (Sigma-Aldrich) was directly added to fresh medium in the designated concentrations and was continuously incubated with cells until harvest. For combinatorial treatment, S3I-201 was directly added into fresh medium to a final concentration of 100 mg/ml immediately after UVB exposure and was continuously incubated with cells until harvest.
RNA Interference (RNAi)
HaCaT cells were grown overnight to approximately 40% confluence and transiently transfected with human CIRP short interfering RNA (siRNA): GUACGGACAGAUCUCUGAAdTdT (Sigma-Aldrich) [18] , Bag-1 siRNA (sc-29211, Santa Cruz Biotechnology, Inc.), or non-targeting siRNA (FITC Conjugate)-A (sc-36869, Santa Cruz Biotechnology Inc., Santa Cruz, CA). Transfection was performed with Lipofectamine RNAi MAX reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Establishment of Stable Cell Lines
CIRP-deficient stable cell lines and the control cell line were established by lentiviral transduction with CIRP-shRNA constructs specific for human CIRP or scrambled shRNA constructs (pLKO.1-CIRP-shRNA #s or pLKO.1-scrambled-shRNA). In brief, HEK-293T packaging cells were co-transfected with lentiviral shRNA constructs as well as lentiviral helper vectors pCMV-VSV-G plasmid (Addgene, Cambridge, MA) and pCMV-dR8.2 dvpr plasmid (Addgene). After 48 h incubation, the viral supernatant fraction was collected. HaCaT cells were infected with lentiviral particles for 24 h and then selected with puromycin over 1 wk. Plasmids were transected using Effectene Transfection Reagent (QIAGEN, Germantown, MD) according to the manufacturer's protocol.
HaCaT cell lines overexpressing GFP, CIRP, or Bag-1/S (referred to as Le/GFP, Le/CIRP, or Le/Bag-1/S) were established by lentiviral transduction with each cDNA construct (pLenti-CMV-GFP, pLenti-CMV-CIRP, or pLenti-CMV-Bag-1/S) using the same method as described above. 
Western Blot Analysis
Cells were lysed using cold NP-40 buffer (100 mM Tris, pH 7.4, 80 mM NaCl, 10 mM EDTA, 0.5% Nonidet P-40, 0.1% SDS) with proteinase inhibitor mixture (Sigma-Aldrich). Cell lysate was incubated on ice for 30 min with shaking every 5 min and then centrifuged at 16 000 rpm at 48C for 10 min. Protein concentration was measured by DC protein assay kit (Bio-Rad Laboratories). Equal amounts of protein were resolved on SDS-PAGE and transferred to nitrocellulose membrane (Invitrogen). The membrane was then blocked with 5% milk in Tris-buffered saline plus Tween 20 (TBST) for 1 h and then incubated overnight at 48C with primary antibody, followed by incubation with a corresponding horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Inc.). Membrane was developed in West Pico Super Signal chemiluminescent substrate (Pierce). Primary antibodies used were as follows: anti-CIRP, anti-beta actin, anti-cyclin D1, anti-c-Myc, anti-VEGF (Source: rabbit. Santa Cruz Biotechnology, Inc.) anti-PARP, anti-cleaved caspase-3, anti-Bag-1, anti-Stat3, anti-p-Stat3 (Source: mouse. Cell Signaling Technology, Danvers, MA). For relative quantification, the integrated optical density (IOD) was estimated using ImageJ (NIH). Relative protein expression level was calculated as IOD Experimental/ IOD Control.
Total RNA Isolation, cDNA Synthesis, and PCR Total RNA was harvested using QIAshredder and RNeasy Kit (both from QIAGEN) according to the manufacturer's protocol. A total of 1.0 mg RNA was reverse-transcribed with the SuperScript TM III Reverse Transcriptase kit (Invitrogen) using the manufacturer's protocol. PCR was performed on the first strand of cDNA with the primers listed in Table 1 by using the Phusion reaction system (Thermo Scientific, Waltham, MA).
Immunofluorescence Staining
Cells were fixed with 4% paraformaldehyde for 15 min at room temperature, washed with PBS three times, and permeabilized with 0.2% Triton X-100 in PBS for 5 min. Cells were then blocked with blocking solution (2 mg/ml BSA in PBS) for 45 min before incubating with rabbit anti-CIRP polyclonal antibody (sc-133460, Santa Cruz Biotechnology, Inc.) for 1 h. After washing five times with PBS, cells were incubated with a Cy3-conjugated IgG Fraction monoclonal mouse anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) for 1 h at RT. After being washed five times with PBS, a drop of Antifade mount fluid with DAPI (Invitrogen) was added to cells. Pictures were taken using a NIKON Eclipse E600.
Clonogenic Assay
Cells were seeded at a density of 1000 cells/well in a 6-well plate and incubated overnight. Then cells were subjected to designated amounts of UVB irradiation. Immediately after treatment, fresh medium was added to cells and they were incubated for another 2 wk without disturbance. After washing two times with PBS, cells were fixed with cold methanol for 15 min at RT and then stained by 0.4% crystal violet in 25% methanol for another 30 min following by three washes with distilled water. Photos were taken by Kodak IS in vivo F system and only colonies with size greater than 0.4 mm were counted.
Cell Proliferation Assay
HaCaT cell proliferation was assessed using a MTT based in vitro toxicology assay kit (Sigma-Aldrich). Briefly, HaCaT cells were plated at a density of 1 Â 10 5 cells/well in 6-well plate and incubated overnight. The cells were then sham or UVB irradiated. At designed time-points, MTT solution (1:10 dilution) was added to and incubated with the cells for 3 h before measuring absorbance at 570 nm.
Cell Cycle Analysis
A sum of 10 5 HaCaT (Le/GFP, Le/CIRP, Le/scrambled shRNA, Le/CIRP shRNA #1, and Le/CIRP shRNA #2) cells were seeded in each well of a 6-well plate and cultured for 24 h. The cells were then harvested and fixed with cold 75% ethanol at 48C overnight. After incubation with RNaseA (100 mg/L, Sigma-Aldrich) for 10 min, the cells were stained with propidium iodide (PI, 50 mg/mL, Sigma-Aldrich) for cell cycle analysis by flow cytometry (FACSAria TM II, BD Biosciences, Sparks, MD). Cell cycle distributions were determined with Motif Software. 
Cytotoxicity Assay of S3I-201
Cytotoxicity of the Stat3-specific inhibitor, S3I-201, on HaCaT cells was analyzed using the Pierce LDH Cytotoxicity Assay Kit (Thermo Scientific). Briefly, HaCaT cells were placed in a 96-well plate at a density of 5 Â 10 3 cells/well. Then the cells were treated with 0-300 mM of S3I-201 for 24 h. The LDH (lactate dehydrogenase) activity in the medium was determined by measuring absorbance at 450-690 nm. The maximum LDH activity served as control was determined by adding 10 ml lysis buffer to the well before measuring the absorbance.
Xenografts Generation
All procedures for animal experiments were approved by the Committee on the Use and Care on Animals (The Third Military Medical University, Chongqing, China) and performed in accordance with the institution guidelines. HaCaTt and HaCaT tumor xenografts were established by subcutaneously inoculating 1 Â 10 6 cells into the both flanks of 6-wkold BALB/c nude mice (HaCaTt group, n ¼ 7; HaCaT group, n ¼ 7). Twenty-eight days later, animals were sacrificed to weight the established tumors. All animals received humane care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy.
Immunohistochemistry
Streptavidinbiotin peroxidase complex method was used for immunohistochemical staining on formalinfixed, paraffin-embedded tissue sections. Rabbit antihuman CIRP antibody (1:250) were added for 1 h at 37 and 48C overnight. Signals were visualized using the 3,3 0 -diaminobenzidine substrate solution (DAKO) and light counterstaining with hematoxylin.
Statistics
The data were expressed as the mean AE SD. The statistical significance of differences for the mean values of groups was determined with Student's t-test. Differences with a P-value of less than 0.05 were considered significant.
RESULTS

CIRP Expression Is Induced in Skin Cancer Cells and in Keratinocytes Exposed to Lower-Dose But Not Higher-Dose UVB Radiation
To determine the potential correlation of CIRP expression and UVB-induced skin cancer formation, we first analyzed the expression levels of CIRP in keratinocyte and skin cancer cells. Our data indicated that compared to keratinocyte HaCaT cells, CIRP expression in squamous carcinoma A431 cells as well as melanoma M624 and A375 cells was increased by approximately 120%, 44%, and 126%, respectively ( Figure 1A ). The expression of CIRP in HaCaT cells was reduced by 19% but increased by 80% after exposing the cells to 50 or 3 mJ/cm 2 of UVB, respectively ( Figure 1B) ; while the expression of CIRP is not effected in the cancer cells by the same dose of UVB (3 and 5 mJ/cm 2 ) (data not shown). The induced expression of CIRP was accompanied with a cytosolic translocation of the protein, which has been shown to be important for some CIRP-facilitated mRNA translation in stress response, in HaCaT cells after the UVB (3 mJ/cm 2 ) exposure ( Figure 1C ). These results demonstrate for the first time that CIRP was upregulated in various human skin cancer cells and might play a role in regulation of oncogenic signaling in keratinocytes receiving low-dose UVB irradiation.
CIRP Expression Is Increased in Transformed Keratinocytes
To further investigate the correlation between CIRP expression and UVB-induced skin cancer formation, we generated an UVB-transformed keratinocyte cell line (HaCaTt) by irradiating HaCaT cells with UVB (3 mJ/cm 2 ) once every other day for 3 wk. After recovering for 1 wk after UVB treatment, the expressions of CIRP and other oncogenic protein markers in HaCaTt cells were analyzed using western blot analysis. Our data indicated that CIRP expression was increased in HaCaTt cells in comparison with its expressions in HaCaT cells (Figure 2A ). The increased expression of CIRP was correlated with increased expressions of c-Myc, VEGF, and cyclin D1 as well as phosphorylation (Tyr705) of Stat3 ( Figure 2A ). Our data further indicated that the HaCaTt cells with higher CIRP expression were more resistant to UVB (3-10 mJ/cm 2 ) induced cell growth arrest ( Figure 2B ) and to single dose UVB-induced cell death ( Figure 2C ). The increased transformation potential of HaCaTt cells were confirmed using animal model. Our data showed that while HaCaT cells only formed small tumors in only 28.6% of the mice, HaCaTt cells formed relatively large tumors in 100% of the mice ( Figure 3A) . The average weight of tumors was significantly lower in HaCaT groups than that in HaCaTt group ( Figure 3B ). Immunohistochemical staining analysis revealed extensive expression of CIRP in tumors from HaCaTt group ( Figure 3C ). These results suggest that CIRP might contribute to chronic low-dose UVB exposure induced oncogenic transformation of keratinocytes through its role in regulation of cell proliferation and survival.
CIRP Deficiency Sensitizes Keratinocytes to UVB Radiation
To further investigate the role of CIRP in regulation of cell proliferation and survival after UVB radiation, we generated two CIRP deficient HaCaT cell lines with a partial knockdown (shRNA #1) or a potent loss (shRNA #2) of CIRP expression ( Figure 4A ). Our data indicated that while c-Myc and Bcl-2 levels were not significantly changed, cyclin D1 level was correlatively reduced as CIRP level reduced ( Figure 4A , Lanes 3 vs. 2 vs. 1) suggesting cyclin D1 might be involved in CIRP-mediated regulation of cell proliferation. Cell cycle analysis revealed that silencing CIRP expression in HaCaT cells caused moderate G2/M arrest ( Figures 4B and Supplementary S1 ). Furthermore, because our data indicated that while the CIRP knockdown inhibited HaCaT cell growth ( Figure 4C , top left panel), it also sensitized the cells to lower dose (3 and 5 mJ/cm 2 ) UVB irradiation ( Figure 4C , top right and bottom left panels), but not to relatively higher dose (10 mJ/cm 2 ) ( Figure 4C , bottom right panels), we determined whether the reduced cell numbers after UVB irradiation were partially contributed by sensitizing the cells to UVB-induced death. Our data showed that Stat3 phosphorylation was correlated with CIRP expression (Figure 2A ) but Bcl-2 was not changed in CIRP knockdown cells ( Figure 4A ), so we analyzed the expression of Bag-1, a regulator of Bcl-2 [19] , in CIRP transient knockdown HaCaT cells in the absence or presence of UVB. Bag-1 has three isoforms including the largest isoform p50: Bag-1/L; the intermediate isoform p46: Bag-1/M; and the most abundant isoform p36: Bag-1/S [20] . Our data indicated that along with the reduced Tyr705-phosphorylation of Stat3, the expressions of all three isoforms of Bag-1 were suppressed in CIRP siRNA knockout HaCaT cells ( Figure 5A , Lanes 5 vs. 1). In addition, our data showed that the expression of Bag-1/S, but not Bag-1/L and M, in correlation with the phosphorylation of Stat3, was reduced in both cell lines at 6 h and then increased at 24 h post-UVB ( Figure 5A ). However, the levels of Bag-1/S expression and Tyr705-phosphorylation in the CIRP knockdown cells were much lower than the ones in the control cells ( Figure 5A , Lanes 5-8 vs. 1-4). The growth of the CIRP knockdown cells was also much slower than the control cells ( Figure 5B ). These results suggested that CIRP might play a critical role in the regulation of cell survival in response to low dose UVB radiation via the Stat3 phosphorylation-regulated Bag-1/S signaling cascade.
CIRP Overexpression Desensitizes Keratinocytes to UVB Irradiation
To further investigate the role of CIRP in regulation of keratinocyte growth and recovery after UVB irradiation, we established GFP or CIRP stably transfected HaCaT cell lines Le/GFP and Le/CIRP. Our data showed that CIRP overexpression could lead to an increase in the Stat3 Tyr705-phosphorylation without altering the expression as well as increased Bag-1 and cyclin D1 expression ( Figure 6A ). Our data also demonstrated that compared to the control Le/ GFP cells, Le/CIRP cells had a higher proliferation rate ( Figure 6B top panel) and recovered faster ( Figure 6B , bottom panel) after UVB irradiation. Overexpression of CIRP in HaCaT cells resulted in the accelerated G2/M transition ( Figures 6C and Supplementary S1 ). These results indicated that CIRP expression is not only sufficient to stimulate proliferation but might also promote survival of keratinocytes in the presence and absence of UVB irradiation. 
UVB-Induced Bag-1/S Elevation in HaCaT Cells Requires Stat3 Activity
Because the level of Stat3 Tyr705-phosphorylation was correlated to the expression of CIRP or Bag-1/S at some points in cells with or without UVB exposure ( Figure 5A ), we examined whether p-Stat3 is involved in regulation of CIRP and Bag-1/S expression via upstream and/or downstream signaling pathways post-UVB. First, a specific Stat3 inhibitor S3I-201, which inactivates Stat3 by blocking its phosphorylation and dimerization [21] , was used to determine the role of Stat3 activity in regulation of CIRP and Bag-1/S expressions. Our data indicated that S3I-201 inhibited Stat3 phosphorylation in a concentration dependent manner with an IC 50 at the concentration of 100 mM ( Figure 7A ). Our data also showed that S3I-201, at a concentration of 100 mM, had no significant effect on the expression of Stat3 ( Figure 7A, Lane 3) and did not present statistically significant cytotoxicity in HaCaT cells ( Figure 7B ). In correlation with the reduction of p-Stat3, the level of Bag-1/S, but not CIRP, was also gradually reduced upon increasing the concentration of S3I-201 ( Figure 7A ) likely indicating that Bag-1/S is downstream and CIRP is upstream of pStat3.
CIRP-Stat3-Bag-1/S Cascade Regulates Growth/Survival of Keratinocytes Post-UVB
To investigate functional relationships among CIRP, p-Stat3, and Bag-1/S, we generated a stable Bag-1/S overexpressed HaCaT cell line, Le/Bag-1/S ( Figure 8A) , and used it along with Le/GFP and Le/CIRP cells to study their roles in regulation of cell proliferation and survival after UVB irradiation. Our data showed that the levels of p-Stat3 and Bag-1/S Ã P < 0.05 versus Le/GFP cells. Cell cycle analysis was performed on Le/GFP and Le/CIRP cells at 24 h after seeding. The population percentages at G0/G1, Sand G2/M phases are shown as mean AE SD from three independent experiments ( Ã P < 0.05).
were increased in Le/GFP and Le/CIRP cells ( Figure 8B , Lanes 2 vs. 1; 6 vs. 5; Table 3 ), but not in Le/Bag-1/S cells ( Figure 8B , Lanes 10 vs. 9; Table 3 ), after UVB irradiation. The Tyr705-phosphorylation of Stat3 was significantly decreased in all three cell lines after S3I-201 treatment with or without UVB treatment ( Figure 8B, Lanes 3, 4, 7, 8, 11, 12 ; Table 3 ), along with a reduced expression of Bag-1/S in both Le/GFP and Le/CIRP cells ( Figure 8B , Lanes 3 vs. 1; 7 vs. 5; Table 3) but not statistically significantly in Le/Bag-1/S cells ( Figure 8B , Lanes 11 vs. 9; Table 3 ). These results indicated that the background and UVB-induced expression of Bag-1/S is dependent on the Tyr705-phosphorylation of Stat3.
To further analyze the physiological role of the CIRP/p-Stat3/Bag-1/S cascade in regulation of UVBirradiated keratinocytes, we analyzed the populations of Le/GFP, Le/CIRP, and Le/Bag-1/S cells 24 h after being treated with UVB and/or S3I-201. Our data showed that in comparison with the untreated Le/GFP cells, all three cell lines revealed an approximate 40% reduction in cell population at 24 h after S3I-201 (100 mM) treatment ( Figure 8C , Samples 7-9 vs. 1). Compared to the control Le/GFP cells, overexpression of CIRP increased the population of Le/CIRP cells in the absence or presence of UVB irradiation ( Figure 8C , Samples 2 vs. 1; 5 vs. 4). However, the increased population of Le/CIRP cells in the absence or presence of UVB irradiation was diminished or reduced when the cells were treated with S3I-201 (100 mM) ( Figure 8C , Samples 8 vs. 7; 11 vs. 10) indicating the Tyr705-phosphorylation of Stat3 is a downstream factor of CIRP in regulation of cell growth post-UVB. Our data also showed that while overexpression of Bag-1/S did not have an effect on cell population in the absence or presence of S3I-201 ( Figure 8C , Samples 3 vs. 1; 9 vs. 7), it increased cell population when the cells received UVB irradiation ( Figure 8C , Samples 6 vs. 4; 12 vs. 10) indicating Bag-1/S could be a downstream factor in p-Stat3-mediated cell growth arrest and/or death signaling pathway upon UVB irradiation. Furthermore, our data indicated that while the population of Le/CIRP cells was higher than Le/Bag-1/S cells after UVB irradiation ( Figure 8C , Samples 5 vs. 6); the population of Le/CIRP cells appears to be similar or less than Le/Bag-1/S cells after the combined treatments of S3I-201 and UVB ( Figure 8C , Samples 11 vs. 12) . These results further demonstrated that CIRP is upstream of Bag-1/S and suggested that other CIRP downstream factor(s), such as cyclin D1, is in coordination with Bag-1/S in regulation of cell growth and survival post-UVB.
CIRP or Bag-1/S Regulates UVB-Induced Apoptosis of Keratinocytes
To determine whether inhibition of apoptosis is one of the mechanisms that increased the population of Le/CIRP and Le/Bag-1/S cells post-UVB, we analyzed the effect of CIRP or Bag-1/S targeting siRNA knockdown on cleavages of PARP and caspase-3 in HaCaT cells after UVB irradiation. In order to trigger a distinct apoptotic process without killing all the cells, we used a UVB dose of 7 mJ/cm 2 for the experiment. Our data showed that while CIRP knockdown decreased the expression of Bag-1/S in the absence or presence of UVB irradiation ( Figure 9A ), Bag-1/S knockdown had no statistically significant effect on the expression of CIRP with or without UVB irradiation ( Figure 9B ) confirming our conclusion that Bag-1/S is downstream of CIRP. Furthermore, our data showed that while having no effect on PRAR cleavage and caspase 3 activation without UVB treatment ( Figure 9A downstream regulator in preventing UVB-induced apoptosis.
To further verify the anti-apoptotic effect of CIRP, we analyzed the PARP cleavage and caspase 3 activation in UVB (7 mJ/cm 2 ) irradiated Le/CIRP cells, which overexpress CIRP ( Figure 10A ). Our data showed that while overexpression of CIRP did not have a significant effect on the apoptotic markers 
DISCUSSION
Previous studies indicated that CIRP was associated with several types of human cancer and played important roles in tissue cell proliferation and survival upon stress [5] [6] [7] [8] 22, 23] . CIRP expression could be induced by UV irradiation [1, 24] , but its biological impact on UVB-exposed keratinocytes is not well known. In this study, we demonstrated for the first time that CIRP expression is elevated in all tested skin cancer cell lines including melanoma and non-melanoma cells ( Figure 1) ; as well as in keratinocytes exposed to a relatively low dose of UVB (3-5 mJ/cm 2 ) acutely or chronically (Figures 1 and 2) . In opposite, the higher dose of UVB (50 mJ/cm 2 ) reduced the expression of CIRP, which could be due to the inhibition of translation of the protein as we previously reported [17, 25, 26] . The potential role of CIRP in UVB-induced skin carcinogenesis was further indicated by its function in regulation of Tyr-705 phosphorylation of Stat3 and the expression of its downstream genes-cyclin D1 and VEGF (Figure 2 ), two factors that are well known for their roles in promoting oncogenic cell growth and survival [27] [28] [29] . Furthermore, we demonstrated that the CIRP-mediated Tyr705-phosphorylation of Stat3 is correlated to the growth and survival rate of keratinocytes post-UVB (Figures 4-6) , which is consistent with the observation that the level of cyclin D1 and VEGF as well as c-Myc increased in UVB resistant HaCaTt cells (Figure 2 ). However, CIRP appeared to have no effect on the expression of c-Myc ( Figure 4A ), which is a downstream gene of Stat3 [30] . This could be due to CIRP specifically regulating the Tyr705-phosphorylatedStat3-activated pathway but not the total expression of Stat3 ( Figure 5A ).
After elucidating that the CIRP-p-Stat3 cascade is likely to regulate cell proliferation by controlling cyclin D1 and VEGF expressions post-UVB, we also determined the role of CIRP in regulation of apoptosis post-UVB. Our data indicated that CIRP deficiency did not affect expression of Bcl-2 ( Figure 4A ), whose activity was suggested to be regulated by CIPR [31] . Our further study demonstrated that CIRP regulates Bag-1/(L, M, and S) expression ( Figures 5 and 6) ; and the Bag-1/S expression appears to be dependent on the CIRP-mediated Tyr705-phosphorylation of Stat3 post-UVB irradiation ( Figures 5, 7, and 8) . It is worth to mention that some previous reports indicated that while p-Stat3 was rapid de-phosphorylated after UBV irradiation [11] , it was observed in a higher level at longer period, from 1 to 6 d, post-UVB irradiation [13] . In our study, we observed a decrease of p-Stat3 at 6 h, and then an increase at 12-24 h after UVB irradiation. The early increase of CIRP associates a decrease of p-Stat3 could be due to that CIRP does not directly regulate the phosphorylation of Stat3, but is needed in regulation expression and/or activation of a kinase signaling pathway that regulates the recovery of Stat3 Table 3 Table 3 ), suggesting there are other mechanism(s) that also downregulate Bag-1/S expression post-UVB. Given that Stat3 mainly functions as a transcription activator [32] , it is possible that the expression of Bag-1/S is regulated by the phosphorylation of Stat3 through transcription regulation and by phosphorylation of eIF2a through translation regulation as we previously reported [17, 25, 26] . Our results further indicated that the CIRP-p-Stat3 cascade-upregulated expression of Bag-1/S protects the cells from UVB-induced PARP cleavage and caspase-3 activation (Figures 9 and 10 ), which agrees with previous reports indicating Bag-1/S is associated with stress resistance and anti-apoptosis [20, 33, 34] . Based on our results, a novel mechanism for CIRP-p-Stat3 cascade-regulated cell growth and survival after UVB irradiation is proposed ( Figure 11 ). Low dose UVB irradiation increases CIRP, which leads to the Tyr705-phosphorylation and activation of Stat3. In the event of a contingently enhanced Stat3 signaling pathway, the expressions of cyclin D1 and Bag-1/S increase, which promote keratinocyte growth and survival, which lead to clonal expansion or might eventually cause skin carcinogenesis. 
